Rhodium is a rare and highly expensive metal with widespread and diverse industrial applications. This makes rhodium recovery and recycling extremely important. Various processes and methods have been developed for rhodium recovery which are very specific to the nature of the application of rhodium. This research study aims at providing a brief yet holistic, classified overview of the many methods that are being employed over the last few decades for rhodium recovery at both laboratory and industrial scale. Specifically, the focus is on the processes employed for recovery of rhodium from waste water, radioactive waste, catalysts, scrap and by leaching with the objective of facilitating a better understanding of such methods. This research study enables researchers to better understand the various processes employed in rhodium recovery. Abstract:
Introduction
Rhodium is one of the rarest elements in the earth's crust [1] and has found a wide range of applications, especially in plating. The use of rhodium salts for electro deposition due to reflectivity, anti-tarnish properties and wear resistance of the rhodium deposit is well known in jewellery, electronics, and industrial applications [2] [3] [4] . Immersion plating of rhodium is also carried out to provide adherent and wear resistant coatings [5] . Many scientific applications of rhodium and rhodium plating exist. It is used in electrothermal atomic absorption spectrometry [6] and extensively used in catalysis in organic chemistry [7] [8] [9] [10] . The use of platinum-rhodium based catalysts in automobile catalytic converters is notable [10] . The price of rhodium is higher than platinum and palladium [11] . Thus, rhodium is not only a rare element but also highly expensive. Thus, given the rarity and high cost of rhodium, it is critical that used rhodium be recovered and recycled for use [12] . Since rhodium is used in a diverse range of applications, recovery processes are often complex and specific to the type of application. In this review paper, we will briefly describe the most common processes, techniques and methods of rhodium recovery. Motivation for this review was to present a holistic idea regarding the current scenario so that newer, cheaper and better methods may possibly be developed by identifying shortcomings, if any, in the current methods. In the recent past, there has been no consolidated review on the rhodium recovery techniques. This review aimed to cover and classify rhodium recovery techniques developed and implemented over the last few decades, with specific focus on recovery from waste water, radioactive waste, catalysts, scrap, and by leaching. Although this review is not a comprehensive list of methods, owing to the wide range of rhodium applications and the specific nature of recovery processes associated with them, it does provide a concise overview of many of the commonly used methods.
Recovery techniques

Recovery from Wastewater
Cementation using zinc powder is one of the common methods utilized to recover rhodium from rinsing water. Given that such rinsing water usually also contains free acid and the rhodium in complex form, the amount of zinc required is relatively high since it shoud also react with the free acid before cementation can occur. Elevated temperatures and mechanical agitation are also the necessary requirements [13] . Spent rhodium sulphate plating solutions are also commonly encountered. In such cases, rhodium is cemented out of the solution by heating it with powdered zinc. Zinc content, reaction time, reaction temperature, pH of solution and mechanical agitation affect the whole process. The procedure requires temperature to be 45 o C, pH of 1.5, 50mg of zinc powder and 60 min for completing the reaction [14] . While removing rhodium from aqueous solutions and industrial effluents, rhodium speciation is one of the most important factors impacting its extraction. Hence, a method to remove rhodium using a sulphate-reducing bacteria (SRB) consortium has been implemented and studied. SRB have greater affinity for the anionic rhodium species and hence pH control plays a major part in this process. While industrial effluents may have a low pH and hence will require pre-treatment (thus limiting the utility of this method), SRB based enzymatic rhodium recovery seems to still be a viable option [15] .
Recovery by Leaching
The process of leaching of 'Platinum Group Metals' (PGMs) is a common way of separating them from acidic solutions that contain large amount of lead, aluminum, iron and cerium. In one method, a column of Amberlite IRA-93 anion-exchange resin is used to recover platinum metals from the solution. Selective stripping of these metals from the resin is the next step, wherein rhodium can be further separated by eluting it first with 6.0M hydrochloric acid. An optimum temperature of 70 °C has been proposed. This method has been reported to be suitable for analytical and larger scale operations due to its simplicity, safety, and economical implementation [16] . In general, HCl and aqua regia are supposed to be suitable to leach more than 90% of Pd, Pt, Rd and Rh at high temperatures [17] . However, it is difficult to obtain complete dissolution of rhodium with just high temperature. Recently, an optimized method has been developed for dissolving rhodium in aqua regia at 220 o C for 24 hours which allows for complete rhodium dissolution [18] . Recovery of PGMs and their concentration and isolation using leaching is an area of considerable interest, especially from sulphide ores with a low sulphide content. Post leaching, usage of sorption with new kinds of sorbents that allow for better separation of PGMs from other metals is one of the more efficient methods used for PGM recovery. Rhodium recovery can be carried out from hydrochlorination solutions using ion exchange sorption with sorbents such as Anionite Rossion-11. The solution should ideally not contain more than 125 g/L of HCl and not more than 15 g/L of Fe 3+ ions if efficient recovery is desired. Rhodium recovery also tends to decrease if sinter hydrochlorination time reduces as rhodium has a tendency to exist in many different complex forms such as [RhCl6] 2and [RhCl6-x(H2O)x] x-3 which do not get sorbed easily. In general, recovery of PGMs is found to increase when a two-stage leaching in counter current mode is employed [19] . Nitrogen sorbents generally are nowadays preferred for PGM recovery from solutions due to their high absorption and good kinetic properties. As such, even trace amounts of these metals can be recovered from solutions that even have high salt content of nonferrous and other metals [20] .
Recovery from Catalysts
The distillation of hydroformylated products from the reaction of unsaturated hydrocarbons or fatty acids leaves a residue of soluble rhodium materials. This residue can be mixed with an inert catalyst support, volatilized and carbonized at elevated temperatures to separate the organic matter by breaking it down finally to carbon. The carbon combines with a stream of air to convert into carbon dioxide, and any hydrogen is then converted to water. Rhodium, along with the inert catalyst, is left behind [21] . Another common catalyst used is rhodium in metallic or compound form alongwith water soluble phosphines. To recover the rhodium, an acid is added to this catalyst and the solution is reacted with an amine solution stage-wise in an organic solvent. Further addition of inorganic base such as sodium hydroxide or potassium carbonate followed by mixing causes removal of impurities such as iron and halides. Rhodium can be precipitated by addition of elemental sulphur, but this must be reprocessed before use [22] .
Recovery from Scrap
Hydrometallurgical and pyrometallurgical processes on electronic scrap [23] , effect of Al2O3 and MgO on the dissolution of rhodium in slag [24] , and use of metal vapour [25] , are few ways to recover rhodium from scrap. Pyrometallurgical processing for recovery of rhodium uses an input of industrial waste and by-products from the non-ferrous industry and involves pumping of oxygen with coke into a molten bath containing lead, tin and copper as base metals. Smelting causes precious metals such as rhodium and platinum to separate out from the remaining metals. The remaining metals form a slag with lead [26] . Fire assaying can also be employed to separate rhodium from other base metals. In this method, rhodium can be efficiently collected in a copper-nickel-iron button using the wet method for analysis of the button. Upon completion of the dissolution procedure using concentrated hydrochloric acid and nitric acid, rhodium can be separated from the base metals by cation exchange [27] . Another variation of the combination of fire assay and wet button method involves using lead and perchloric acid. The sample is fused with these materials and heated to around 190 o C. Then the PGMs are precipitated out due to reduction by formic acid. This wet analysis method is much more reliable and effective compared with that of cupellation, for the separation of rhodium from the base metals [28] . Rhodium can also be recovered from the slag of sodium oxide and silicon oxide. The components of the slag such as alumina, magnesium oxide and copper oxide affect this process. It has been reported that when the ratio of Na2O/SiO2 is fixed at 0.97, the solubility of rhodium in slags decreases with increase in alumina and magnesia. However, the solubility slightly increases with increasing content of CuOx . The assumption is that rhodium in slags is present as RhO1.5 [24] . Rhodium exhibits an acidic character in the slag and its solubility can be decreased by lowering the basic oxide content of the slag [29] . The 'rhodate capacity' which is the dissolution behaviour of rhodium in molten slag, depends on the basicity. This principle can be also used to determine the content of rhodium in the slag [24] . The "catalyst scrap" is rare and costly [30] . A recently developed technique allows for rhodium recovery from scrap. This technique makes use of vapours of reactive metals like magnesium and calcium. This seems to give higher dissolution efficiency for rhodium [25] . Rhodium recovered from the scrap through smelting needs to be dissolved in an acid. This is a challenging process since rhodium is mostly inert. Even though many techniques such as leaching with oxidants or HCl leaching have been used, they have failed at giving the required dissolution rate, and hence become unsuitable for quick rhodium recovery. Thus, to achieve quicker rhodium recovery, the use of reactive vapours has been page 285 of 286 suggested. The experiment takes place in an air tight container and all of the scrap is made to react with the vapour. These metals are particularly used due to their strong affinity for PGMs [30] .
Recovery from Radioactive Waste
Low concentration of rhodium (III) species is present in waste solutions derived from the reprocessing of nuclear reactor fuel. In an aqueous, acidic nitrate matrix which undergoes a high degree of radiolysis to convert nitrate to NO, rhodium forms the species [Rh(NO)2] 3+ . This can be extracted using Aliquat 336 in suitable concentration in carbon tetrachloride [31] . Nuclear fission products include palladium, rhodium and ruthenium, and can be a valuable source of these three metals. However, their separation from the fuel during reprocessing operations, owing to various process constraints and inherent radioactivity of PGMs, is quite complex and have not found much success outside of laboratories. In thermal reactor fuel, majority of the PGMs are found in the high level liquid waste and solvent extraction methods seem appropriate for extraction of rhodium and palladium [32] . The selection of suitable extraction reagents is done based on speciation and co-ordination chemistry displayed by these elements in nitric acid. Since it has been found that hexanitrito complexes [Rh(NO2)6] 3of rhodium seem to ultimately get created during the extraction process, these anionic species have been efficiently and rapidly extracted by long-chain aliphatic amines from nitrite/nitric acid systems in the presence of salting-out reagents [32] . Another method for recovery of rhodium from radioactive waste is based on the complete removal of ruthenium from radioactive palladium and rhodium. Decay of 40-d 103 Ru yields nonradioactive 103 Rh. After waiting for an appropriate decay period, the rhodium is separated from the remaining ruthenium using liquid metal extraction and partitioning systems [33] .
Conclusion
This study has examined various methods of rhodium recovery such as recovery from waste water, using leaching, from catalysts, scrap and radioactive waste. These methods are currently being employed at various scales and in diverse industries. Rhodium recovery is important because rhodium is rare and has a diverse set of uses in a variety of industries. As such, due to the different forms in which rhodium gets used, there are a variety of different methods employed to recover rhodium. Across several decades, many methods have been implemented, modified and re-implemented to efficiently recover rhodium. This work aimed to give a brief yet consolidated overview of some methods used to facilitate better understanding of rhodium recovery.
